Nanosecond surface dielectric barrier discharge (nSDBD) is an efficient tool for a multi-point plasma-assisted ignition of combustible mixtures at elevated pressures. The discharge develops as a set of synchronously propagated from the highvoltage electrode charged channels (streamers), with a typical density up to a few streamers per millimetre of the length of the electrode. In combustible mixtures, nSDBD initiates numerous combustion waves propagating from the electrode. Very little is known about nSDBD at high pressures. This work presents a comparative experimental study of the surface dielectric barrier discharge initiated by high-voltage pulses (U = ±(20-60) kV) of different polarities in air at elevated pressures (P = 1-6 atm). Discharge morphology, deposited energy and velocity of the discharge front propagation are analysed. Differences between the discharges of positive and negative polarity, as well as the changes in the discharge morphology with changing of a gas mixture composition, are discussed.
Introduction
Transient plasma of nanosecond discharges is widely used for studying the kinetic effects connected to plasma-assisted ignition (PAI) and plasma-assisted combustion (PAC) in hydrocarbon-containing mixtures. Despite the fact that the PAI/PAC topic has been developing for more than 15 years [1] [2] [3] , a limited number of experiments is available for high pressures, typical for combustion environment. Three main discharge configurations are used for PAI at high pressures: nanosecond spark in a few millimetres gap between two pointto-point electrodes; transient plasma ignition (TPI) where current is limited by interelectrode distance and/or pulse duration; and nanosecond surface dielectric barrier discharge (nSDBD) where current is limited by the presence of a thin dielectric layer between the electrodes. The first configuration in repetitive mode is called nanosecond repetitive pulsed discharge (NRPD) and widely studied for sustaining combustion [4] . The difference between a nanosecond spark, in a single or repetitive mode, and the two last configurations is that in the spark the high current flows through the single discharge channel. In TPI and SDBD configurations, the current is limited, so the energy is low compared to spark discharge, but multi-channel configuration of the discharge is possible.
The highest pressures in PAI experiments were obtained in [5, 6] . The experiments [5] were carried out in C 3 H 8 : air stoichiometric and lean (ER = 0.4) mixtures in the pressure range 17-40 atm and temperatures 700-1000 K; localized nanosecond spark, surface dielectric barrier discharge with a pin-like electrode, and a streamer corona (TPI) were used to ignite the mixture. Ignition of a methane-air mixture in a static high-pressure chamber at initial pressure 30 atm and ambient initial temperature by means of TPI has been demonstrated in [6] .
Nanosecond surface dielectric barrier discharge with extended electrodes was proved to ignite efficiently a wide set of combustible mixtures (C 2 H 6 : O 2 [7] , CH 4 : O 2 : N 2 (Ar) [8, 9] , n-C 4 H 10 : O 2 : N 2 (Ar) [8, 9] , n-C 7 H 16 : O 2 : N 2 [10] ). This type of discharge was suggested in 2003 for air flow control [11] and since then has been extensively studied experimentally [12, 13] and theoretically [14, 15] at atmospheric pressure. The aim of this paper is to generalize, using atmospheric pressure discharge as a basis, the available knowledge on nSDBD development at high pressures.
Description of experiments
Two configurations of electrode systems for nanosecond SDBD initiation are considered in the paper. The classical flat electrodes 'sandwich-like' airflow configuration was used to study the discharge parameters and the morphology of SDBD in ambient air at atmospheric pressure. Coaxial nSDBD was developed to adapt the surface discharge to the geometry of a rapid compression machine (RCM) [9] , where ignition of a combustible mixture at high pressures was initiated near the end plate of the combustion chamber. The coaxial electrode system was used to study the discharge in synthetic air, argon and argon : oxygen mixtures in a constant volume chamber within a pressure range P = 1-6 atm.
The electrode system was connected to the generator via a 30 m coaxial 50 Ω cable. The high voltage (HV) pulse generator (FID Technology, FPG20-03NM) used in the experiments provided the following parameters: 2 ns front rise time, 20 ns pulse duration on the half-height and ±(12-30) kV voltage range in the cable. All the experiments were performed in a single-shot regime without a gas flow.
The calibrated custom made back current shunt (BCS) was soldered in the shield of the coaxial cable 15 m apart from the discharge cell. BCS was used to measure the voltage on the electrodes, the current through the electrodes and the deposited energy. The signals from the BCS were registered by a LeCroy WaveRunner 600 MHz oscilloscope.
The images of the discharge were recorded by PI-MAX4 Princeton Instruments ICCD camera (0.5 ns gate) for the flat airflow configuration and by ANDOR iStar DH-734 ICCD camera (2 ns gate) for the coaxial electrode system. Emission was collected on the photocathode by Cosmicar Pentax YK5028 lens. The camera was triggered at different time delays relative to the beginning of the applied pulse to obtain the images of the discharge evolution. The images were integrated over the wavelength range 300-800 nm, corresponding mainly to the emission of the second positive system of molecular nitrogen. 
Results and discussion
(a) Positive and negative polarity discharge at atmospheric pressure
The electrode system for a classical airflow geometry is schematically presented in figure 1a,b. The HV electrode contacts with a dielectric (0.3 mm PVC layer). The width of the HV electrode is equal to 25 mm, and the length of the grounded electrode under the PVC layer is equal to 70 mm to avoid the boundary effects. The SDBD starts as a set of synchronous streamers propagating along the dielectric in a direction perpendicular to the HV electrode. The images of the discharge with 0.5 ns gate are given in figure 1c,d .
Two fronts of emission propagating from the HV electrode and corresponding to the rise front and to the trailing edge of the HV pulse are observed for both polarities. The first front of emission is clearly seen in figure 1d . The emission from the negative polarity discharge lasts a few nanoseconds longer. The thickness of the discharge measured from optical emission (see the side view in figure 1c ) is approximately 0.2-0.3 mm for both negative and positive polarity discharges. The dimensions of the streamers are slightly different in the case of positive and negative polarity. For positive polarity, the optical diameter of the streamer changes is between 0.7 and 1.2 mm, whereas for negative polarity it is in the range 0.3-0.8 mm. For both polarities, SDBD discharge is rather a 'flat' structure, where the optical diameter of the streamers determined from the frontal view is significantly higher than the thickness of the plasma layer.
The synchronous start of the streamers from the HV electrode causes a cylindrical compression wave starting from the electrode [11, 13] , representing a superposition of individual waves generated by each of the streamers. The appearance of a compression wave is an interaction of a few physical processes, namely concentrated and synchronous discharge energy release in the roots of the streamers, fast energy relaxation and hydrodynamics on a sub-millimetre scale.
According to numerical modelling [14] , a nanosecond SDBD discharge in atmosphericpressure air represents a complex structure with a typical scale of non-uniformities near the dielectric surface equal to tens of micrometres. During streamer formation, the excessive change of electrons (for negative polarity discharge) or positive ions (for positive polarity discharge) on the surface causes a sharp drop of the electric field in the vicinity of the dielectric surface in the direction perpendicular to the surface. The profile of the electron density also changes significantly in the vicinity of the dielectric. For this reason, optical emission diagnostics gives only the most general presentation of the surface discharge. In particular, measurements of the ratio of two emission bands with different excitation threshold does not give the electric field value, as in uniform plasma [16, 17] , but allows to conclude that in the surface streamer head, the ratio of emission of N + 2 (B 2 Σ + g ), with the excitation threshold of ε B = 18.4 eV, and N 2 (C 3 Π u ), ε C = 11.03 eV, is a few times higher for positive polarity SDBD [12, 18] than for negative polarity.
An important integral characteristic of the discharge is deposited energy. In the experiments, the deposited energy was measured as a difference between the energy stored in the incident and in the reflected pulse. Energy spent for charging of the capacity of the discharge system was extracted experimentally. The total power deposited into the discharge in ambient air for U = ±35 kV and 20 ns FWHM pulses is shown in figure 2 . During the discharge, 32 mJ is deposited into gas for positive and 22 mJ for negative polarity. The most considerable power dissipates in the gas during the first 5-7 ns of the pulse, corresponding to fast propagation of the streamers along the dielectric and charging of a dielectric surface. Significant energy release should be expected in the near-electrode area. In general, a question about volumetric-deposited energy and on the influence of energy distribution on the efficiency of combustion initiated by nSDBD still remains open.
The rotational temperature T rot for the same HV pulse parameters was measured from the emission spectra of (0-0) line of 2 + system of molecular nitrogen superimposing a plot calculated by Specair code [19] with experimentally obtained rotational spectra. The spectra were obtained over the regions 0-2, 2-4 and 4-6 mm counting from the HV electrode with the ICCD camera gate equal to 1 ns. The evolution of rotational temperature at different distances from the electrode and synchronized HV pulses are shown in figure 3. For both positive and negative polarities of the HV pulse, the temperature increase does not exceed 100 K to the initial temperature that was equal to 290 K. It should be noted that the temperature decreases with the distance from the electrode, that is the energy release near the electrode is higher.
The simple estimate demonstrates that this result is reasonable. It was recently shown [20] , on the basis of optical emission and electrical current behaviour, that the longitudinal electric field in the surface streamer channel of negative polarity does not change with time and is equal to E/N ≈ 80 − 100 Td. Assuming that the distance between the streamer channels is comparable with streamer diameters, for the experimental values of current (80 A) and for the thickness of a plasma layer of 250 μm, the current density can be estimated as j ≈ 3 kA cm −2 . At E/N = 100 Td, the corresponding electron density is equal to n e ≈ 2 × 10 15 cm −3 , and the energy deposited during first 5-6 ns can be estimated as 0.1 eV mol −1 . At E/N = 100 Td about 15% of the discharge energy goes to gas heating via fast exchange processes [21] , and so, gas heating in isochoric approximation can be estimated as T = 70 K, which is in reasonable agreement with the measured values. It should be noted that similar values of fast gas heating in the discharge were obtained for nSDBD in air at atmospheric pressure in [12] , where, moreover, additional gas heating due to relaxation of vibrational energy has been recorded at a microsecond time scale. Measurements of nSDBD front velocity were made for different polarities, voltages and lengths of the grounded electrode. The results are summarized in figure 4. The figure presents mainly the results obtained for different flat electrode systems, but a few plots for the coaxial system prove that there are no strong changes in the velocity between a flat and a radial geometry (see the following section for the details).
For the flat 'sandwich-like' electrode system, the velocity of the SDBD front starting from the HV electrode, the same for positive and negative polarity discharge during first 1-2 ns of the propagation, typical values are about a few millimetres per nanosecond. Positive polarity discharge easily covers a few tens of millimetres of the dielectric length, depending upon the voltage amplitude, and then slows down and stops. At voltage amplitudes higher than 25 kV on the electrode, the velocity slightly depends upon voltage amplitude. For negative polarity discharge, the discharge velocity after 1-2 ns is a few times lower than for positive polarity discharge, and the discharge stops at a certain distance from the HV electrode, 5-15 mm at atmospheric pressure and 15-35 kV voltage amplitude. It should be noted that the velocities presented in figure 4 are typical for a set of parallel streamers developing synchronously. It is possible to obtain higher velocities of propagation changing the geometry of the system and, consequently, the electric field. Maximal velocity, observed in our experiments with a special pin SDBD electrode [22] , reached 15 mm ns −1 at 30 kV on the HV electrode. +24 kV, 20 mm gr. el.
-24 kV 1 atm -1 , 20 mm gr. el. (b) Positive and negative polarity discharge at elevated pressures Discharge in coaxial geometry has been developed for PAI at high initial pressures in order to adapt the surface nanosecond barrier discharge for the combustion chamber of the rapid compression machine (RCM). In this case, the discharge develops radially from the edge of the metal disk (20 mm in diameter) served as a HV electrode. The ground electrode is covered by the dielectric layer (PVC) of thickness 0.3 mm ( figure 5a,b) . This modification of the SDBD discharge was successfully used to ignite a stoichiometric C 2 H 6 : O 2 mixture at ambient initial pressure and temperature in a constant volume chamber [7] . Fast ICCD imaging proved that multiple combustion waves develop, merging, from the HV electrode. It should be noted that no acceleration of the combustion wave along the plasma channels has been recorded [7] . Presumably, the energy release in each of the streamers is small to get a significant gradient of gas temperature and of density of active species along the streamer. At the same time, stable non-detonative combustion initiation is achieved with the distributed nSDBD system.
A few sets of RCM experiments with ignition of combustible mixtures by nSDBD have recently been presented in the literature [8, 9] . The experiments were carried out in a methane-oxygen mixture (ER = 0.3, 0.5 and 1) diluted by Ar (71-77%) for initial temperatures T = 900-1000 K and pressures P = 14-16 atm; and in an n-butane-oxygen stoichiometric mixture diluted by 77% of N 2 or Ar (T = 600-900 K and P = 6-10 atm). For all the experiments, at voltage amplitude exceeding a certain threshold, a stable multi-point ignition with a following flame propagation has been observed. At these conditions, typical energy per one streamer/filament, that is for one combustion kernel, was estimated as 5-20 μJ for stoichiometric mixtures [9] . It should be noted that deposited energy measured for methane-containing mixtures with different stoichiometries is visibly (more than one order of magnitude) different, although theoretically calculated energy branching in the discharge is practically the same. This fact confirms that the experimental study of the discharges in combustible mixtures at elevated pressures is a very important issue for understanding of physics and chemistry of PAC.
At the same time, the current knowledge about the nSDBD development in non-combustible mixtures is scarce. This section summarizes the information about the nanosecond surface DBD discharge in air at P = 1-6 atm at voltage amplitude 20-60 kV on the electrode. All the presented data were obtained in coaxial geometry electrodes in a single-shot regime.
The ICCD images of three typical cases are given in figure 5c. The first (1 atm, +20 kV) case corresponds to 'traditional' morphology of nanosecond surface discharge with the only difference that the geometry is coaxial. The velocity of the streamer propagation is in a good correlation with the velocities for the flat electrode system presented in figure 4b. It should be noted that no visible changes were detected for different edges of the HV electrode, so its sharpness does not seem to be an important parameter. The thickness of the discharge in any of the considered experimental conditions did not exceed 0.5 mm. The third case (6 atm, −47 kV) was described for the first time in [20] . It was observed in air for negative polarity of the discharge with an increase of pressure or of the HV pulse amplitude. The fast transition from the streamer (or 'quasi-uniform' [20] ) form to filamentary discharge occurs at the conditions of a single-shot regime. The wave of the radially propagated streamers stops at a certain distance (this distance was 2-7 mm, depending upon pressure and amplitude) from the HV electrode, similar to negative polarity streamers at atmospheric pressure (figure 4b), and a few bright filaments, with emission intensity much higher than the emission intensity in the streamers, start from the electrode and propagate in the radial direction. The filaments are brightest near the electrode; emission intensity decreases radially; a weak streamer 'bush' can be identified at the head of each filament. They travel through the charged region on the surface of the dielectric and continue to move with relatively high velocity up to the end of the pulse. The number of the filaments increases during the pulse duration. At long (approx. 10 mm) distances from the electrode the filaments can branch into two to three smaller filaments. During the falling edge, a bright emission propagates from the electrode along the developed filament channels. Weak emission of the second positive system on N 2 'in the traces' of the filaments is observed during hundreds of nanoseconds after the discharge. In the developed filamentation mode, one filament is created instead of four to six streamers, and the filamentation structure is very regular, as is represented in figure 5c . No temperature increase, either significant increase of electrical current or deposited energy, is detected at streamer-to-filament transition [20] . It was suggested that a physical reason for this 'single-shot' filamentation is the ionization-heating instability on the boundary of the cathode layer [20] . The second case represented in figure 5c (3 atm, +20 kV) is the only case corresponding to a 'double pulse'. 'Reflected' in the caption of the figure means that the ICCD image is recorded during the reflected pulse of negative polarity, because of mismatching of the cable and the generator, to the discharge system 250 ns after the first pulse of positive polarity. In this case, a stratified structure, similar to that observed at atmospheric pressure in a pulse-periodic regime [23] , appears step-by-step during a few nanoseconds from initially stratified streamers; no abrupt transition is observed. The channels never branch; the emission is uniform along the channel with a well-pronounced streamer 'brush' at the head of each channel. No increase of emission is observed at the falling edge of the pulse; no emission is detected after the pulse. It is possible to assume that the mechanism responsible for the filamentation can be different from the mechanism responsible for the filamentation a few nanoseconds after the start of the pulse. Figure 6 gives a review of the images of a nanosecond SDBD at elevated pressures. For all considered pressures, in the absence of filamentation, a typical 'optical radius' R of the streamer when images is taken in the direction perpendicular to the dielectric surface, is always higher for a positive polarity discharge. Indeed, at voltage amplitude U = ±46 kV for P = 1, 3 and 5 atm, R + = (1.4 ± 0.2), 0.9 and 0.8 mm, respectively, for positive polarity, and R − = 1, 0.5 and 1.2 mm for negative polarity. The R − at 5 atm is a distance between the filaments (figure 6 for 5 atm and −46 kV), the distance between the initial streamers being approximately four times smaller. Let us note that this fact does not correlate with a streamer in the air gap, where the diameter of a streamer of negative polarity is always higher [24] , but does correlate with the smaller 'near-surface' gap between the streamer of the negative polarity and the surface in numerical modelling [14] .
Transition to filamentary regime, if it exists in the combustible mixtures, can be extremely important for redistribution of energy in the discharge. At the same time, the physics of this transition is not yet clear. Figure 7a presents the so-called x − t diagram (position of a streamer head as a function of time) for regimes where streamer-to-filament transition in a single pulse has been observed. After the transition, filaments propagate with a constant velocity, close to 1 mm ns −1 , for a distance of tens of millimetres. The transition point, where streamers slow down and stop, is indicated in the figure as 'filamentation'.
It was assumed [20] that the streamers stop when the potential drop on the channel is equal to the voltage on the electrode. At the transition point, 3 atm and −47 kV, the longitudinal E/N value was estimated to be approximately equal to 100 Td (which corresponds to electric field 1 atm, +24 kV, 4 ns 6 atm, +24 kV, 6 ns 6 atm, +24 kV, 13 ns Figure 8 . ICCD images of nSDBD in argon at P = 1 atm and P = 6 atm.
value of 25 kV cm −1 at P = 1 atm). Figure 7b gives a few plots for the velocity of the negative polarity nSDBD fronts at atmospheric pressure together with the calculated (U − 25 × D) value (here 25 [kV cm −1 ] × D represents the rest of the potential on the streamer channel under the assumption that the cathode fall is negligible compared with the voltage amplitude). It is seen that the streamers stop when the voltage drop on the channel is equal to the potential on the HV electrode. Similar consideration leads to the conclusion that in filaments and in positive polarity streamers the longitudinal electric field in the channel must be, in any case, significantly lower than in the negative polarity streamers.
(c) Modification of discharge in different mixtures
Summarizing current experimental knowledge of a nanosecond discharge at high pressures at different mixtures, it is possible to conclude the following: two waves of emission propagating from the HV electrode are always observed without dependence on HV polarity or gas nature; with pressure increase, the velocity and the maximal distance of the discharge propagation decreases. With voltage increase at constant pressure, the velocity of the discharge and the maximal length of propagation increase, but no scaling on the PU parameter is observed: pressure increase typically causes significant morphological changes of the discharge. The morphology of the discharge depends significantly on a gas mixture composition. Figure 8 represents an example of nSDBD development in pure argon. Maximal length of discharge propagation is always much higher than in air under similar conditions. Both for the positive and for the negative polarity, the discharge covers all the length of the dielectric, 15 mm in radial direction. Peculiar multi-branched streamer patterns are observed at pressure increase (6 atm, +24 kV, 6 ns). During a single pulse, positive or negative polarity, they collapse into thin elongated channels (6 atm, +24 kV, 13 ns). Special attention must be given to the changes in the discharge structure with addition of hydrocarbons. Typically, addition of hydrocarbons or other molecules with a large cross section of UV-absorption decreases the photo-ionization length [25] and so decreases the discharge uniformity [26, 27] . Transition of the volumetric diffuse discharge in air in a multichannel discharge structure has been observed for atmospheric pressure at a small addition of hydrocarbons corresponding to lean mixtures (CH 4 at ER = 0.3 and C 3 H 8 at ER = 0.8) [26] . This is in correlation with experimental results of [27] , where a multichannel discharge structure was observed at C 3 Finally, the rate of electron attachment increases significantly with gas number density. This fact is illustrated by figure 9 , where a characteristic time of attachment to oxygen molecule in air is plotted for 3 and 5 atm. With pressure increase, the characteristic time of electron attachment becomes comparable with duration of a nanosecond pulse. So, higher E/N values are necessary to keep a given electron density when pressure increases.
In surface discharges, the role of the volume photo-ionization can be relatively small. Electron emission from the surface of dielectric under the action of UV radiation of streamer head can be an important additional process sustaining the discharge propagation. So, the experimental study of parameters and of a structure of the surface dielectric barrier discharge with a different fraction of hydrocarbons or H 2 O molecules in the mixture at fixed HV pulse characteristic, pressure and temperature is a topical task in the problem of PAC.
Conclusion
The knowledge concerning nanosecond SDBD in air at elevated pressures is summarized. It is shown that a significant difference between positive and negative polarity discharges is already observed at atmospheric pressure: the length of the maximal propagation of a negative polarity discharge is always smaller. Judging from the propagation length, a drop of potential is higher for negative polarity streamers. Estimated value of the reduced electric field in the channel of a streamer of negative polarity is about 100 Td. The optical diameters of the streamers at atmospheric pressure comprise parts of a millimeter; typical deposited energy per unit length of a streamer is about a few milliJoules per millimetre. The temperature increase, measured from the optical emission and averaged by 1 mm of a streamer length, does not exceed a few ten K per nanosecond, and decreases with a distance from the electrode.
At a pressure increase from 1 to 6 atm, the morphology of streamers practically does not change for positive polarity of the HV electrode: no filamentation is observed for used parameters of the electric pulse. For negative polarity, the streamers slow down at a few millimetres from the HV electrode and the discharge transforms into the filamentary form. The total current through the discharge does not change, and the total energy is distributed between filaments. The filamentary form can be a tool for energy concentration in PAC at high pressures. The filaments propagate at longer distances compared with streamers, so the electric field in the filaments must be lower than in the streamers.
Addition of hydrocarbons or increase of density of molecular oxygen with pressure can cause the discharge branching and filamentation because of decrease of the absorption length for UV radiation and increase of the attachment rate. Presence of a dielectric surface can stabilize the discharge owing to electron emission from the surface of dielectric under the action of UV radiation. Study of nSDBD at high pressures in mixtures with small densities of combustible gases can be an efficient tool to study the physics of nSDBD in conditions close to internal combustion engines.
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